The aim of this work was to study the potential of forest biomass production and utilization for mitigating climate change in boreal conditions, based on integrated use of forest ecosystem model (SIMA) simulations and life cycle assessment (LCA). More specifically, it was studied how forest management (e.g. thinning regime, nitrogen fertilization, rotation length), harvesting intensity (timber, logging residues, stumps and coarse roots in the final felling) and gradually changing climate affect in Finnish conditions forest biomass production (timber and energy biomass) (Papers I, III, IV), carbon neutrality (Paper I) and net climate impacts of forest biomass production and utilization in substituting fossilintensive materials and fuels (Paper III, IV). Furthermore, it was studied the need to adapt the cultivation of the main Finnish tree species under the gradually changing climate (Paper II).
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CO2
Carbon dioxide
GHG
Greenhouse gas LCA Life cycle assessment LU, LULUCF
Land use, Land-use change and forestry N Nitrogen NPV Net present value Carbon neutrality (CN) Ratio between the net reduction/increase of direct CO2 emissions in the bioenergy system (i.e. the simulation case) and the CO2 emissions of the reference energy system over a given period of time.
Carbon stock of forest ecosystem
Amount of carbon in the forest ecosystem in trees and soil (humus and litter) over a given time period.
Forest biomass
Biomass in living trees, including foliage, branches, stems, coarse roots and fine roots.
Energy biomass
Energy wood from energy wood thinning and harvest residues (the top parts of stems, foliage and branches) and stumps and coarse roots from final felling.
Net ecosystem CO2 exchange (NEE)
Balance between carbon bound in biomass growth (Cseq) and CO2 emissions from the decomposition of soil organic matter (humus and litter) (Cdecomp). Net CO2 exchange (Cnet) Balance between the carbon uptake due to growth (Cseq), CO2 emissions from decomposition of soil organic matter (Cdecomp) and management (Cman), and combustion of energy biomass (Charv).
Net climate impact (I)
I is a difference in the net CO2 exchanges between the selected management scenario (IBIO) and the reference scenario (IREF).
Radiative forcing (RF)
Change in the net energy balance of the Earth system as affected by increase/decrease of CO2 level in the atmosphere.
Timber
Stem wood fulfilling dimensions of saw logs and pulp wood.
INTRODUCTION
Background of the study
One of the main priorities of global environmental policy is the mitigation of climate change, which is denoted by the reduction of sources or enhancing the sinks of greenhouse gases (GHG) by anthropogenic interventions (IPCC 2001) . In this respect, forests and forestry can provide several ways to mitigate climate change, including reducing deforestation, increasing afforestation, increasing the carbon density of existing forests through reforestation and proper management, and substituting fossil-intensive materials and fuels by forest biomass (Canadell and Raupach 2008; Malmsheimer et al. 2011 ). Global climate is expected to warm substantially by 2100, especially due to the increase in the atmospheric carbon dioxide (CO2) concentration. In Finland, the foreseen climate change is projected to increase the mean annual temperature by 3-6°C and precipitation by 11-18% by 2100, depending on the scenario used for the GHG concentrations (IPCC 2013) . The concurrent elevation of mean annual temperature and atmospheric CO2, together with changes in precipitation, is expected to greatly affect the functioning and dynamics of boreal forests as well as the biomass production and carbon sequestration of forest ecosystems (Garcia-Gonzalo et al. 2007a, b; Kellomäki et al. 2008; Poudel et al. 2011 Poudel et al. , 2012 . This is because currently growth and dynamics of boreal forests are mainly limited by short growing period, relatively low summer temperatures and availability of nitrogen (Tamm 1991) . However, forest management and environmental conditions (prevailing climate and site) also affect biomass production and carbon sequestration of forest ecosystems (Liski et al. 2001; Briceno-Elizondo et al. 2006; Matala et al. 2006 Matala et al. , 2009 Garcia-Gonzalo et al. 2007a , 2007b .
In general, climate change is expected to increase biomass production in boreal forests of Fennoscandia (Bergh et al. 2003; Briceño-Elizondo et al. 2006) . However, the sensitivity of different tree species to climate change, climatic variability and weather extremes like droughts may differ depending on region and prevailing climatic conditions Ge et al. 2013a Ge et al. , 2013b Granda et al. 2013) . Thus, proper site-specific cultivation of different tree species should be emphasized in the future to ensure sufficient water and nutrient availability for tree growth under the changing growing conditions (Kolström et al. 2011) .
In Nordic countries, because forest management is generally done at stand level, forests constitute mosaics of single stands of varying site fertility, tree species composition, age structure and volume of growing stock. To obtain a long-term sustainable flow of timber from the forest region an even age-class distribution of forest has been a long-term target in forest policy. The current and future structure and functioning of forests and their consequent mitigation and adaptation potential are also largely dependent on the timing and intensity of management and harvesting (Sathre et al 2010; Poudel et al. 2011 Poudel et al. , 2012 . In general, the net ecosystem CO2 exchange is at its highest at the younger stand age and starts to saturate after an intermediate age, affecting the average carbon stock and biomass production over rotation (Liski et al. 2001; Hyvönen et al. 2007 ). The mean annual carbon stock and carbon sequestration of forests may be increased over a rotation by maintaining a higher stocking, which results in a lower harvesting frequency than in the business-as-usual management (Garcia-Gonzalo et al. 2007a , 2007b Nunery and Keeton 2010; Alam et al. 2012) . In boreal forests especially in northern Europe, the addition of nitrogen will enhance the growth of trees, as well as the litter fall onto the soil and the amount of carbon in the humus layer and mineral soil (Mäkipää 1995; Hyvönen et al. 2007 Hyvönen et al. , 2008 . However, the growth response of trees to nitrogen fertilization depends on the tree species, developmental phase of the growing stock, site fertility and the dose of the added nitrogen .
In Finland, the annual increment of growing stock has been higher than the annual drain for many decades. The total roundwood consumption was 73.9 million m 3 in 2013, of which 26.2 million m 3 was used by wood-products industries and 38.3 million m 3 by pulp industries (Finnish Statistical Yearbook of Forestry 2014). About 25% (341 PJ) of the current energy consumption in Finland consists of wood-based energy. The main components of energy biomass are by-products and wood residues (e.g. bark and black liquor) from sawmilling and chemical pulp industry (Finnish Statistical Yearbook of Forestry 2013) . The use of residual forest biomass in energy production increased rapidly in the 2000s from less than one million m 3 to almost 9 million m 3 annually (Torvelainen et al. 2014) . Recently, the Finnish national renewable energy action plan has set a 2020 target of 25 TWh for the use of forest chips in the generation of power and heat (National Energy and Climate Strategy, 2013) .
Until recently, bioenergy was considered to be carbon neutral since the emissions would eventually be sequestered in the future growth of forests. However, this assumption has been questioned due to the time difference between biomass combustion and regrowth, and the decrease of carbon stock and carbon sink capacity of forest (e.g. Searchinger et al. 2008; Cherubini et al. 2009; Melillo et al. 2009; Melin et al. 2010; Repo et al. 2011 Repo et al. , 2012 Repo et al. , 2014 Zanchi et al. 2012; Buchholz et al. 2015) .
In boreal conditions, forest management is characterized by a long production cycle from regeneration to final harvest. In this sense, compared to experimental studies, simulations by forest ecosystem models offer a means to study the sensitivity of the growth and dynamics of forests to management regimes (e.g. thinning and nitrogen fertilization regime, and rotation length) under varying environmental (climate, site) conditions. By combining forest ecosystem modelling with life cycle assessment (LCA), the impact of forest management on CO2 emissions from forest biomass production and utilization can also be assessed (Sathre et al. 2010; Kilpeläinen et al. 2011; Poudel et al. 2011 Poudel et al. , 2012 .
Although, there are a large variety of LCA studies related to the forestry sector and forest biomass production and utilization (Buchholz et al. 2015; Klein et al. 2015) , two different approaches can be distinguished; i.e. attributional and consequential LCA (e.g. Curran et al. 2005; Brander et al. 2009 ). The attributional LCA approach assesses the system 'as it is', taking into account the direct effects at a given point of time (Brander et al. 2009; Helin et al. 2013) . In consequential LCA, the impacts of decisions made from a selected time point onwards are studied, answering the question of how flows will change in response to any particular actions (Curran et al. 2005; Kilpeläinen et al. 2012) . The consequential LCA approach is commonly used to compare both renewable and fossil systems side by side in order to consider the direct and indirect effects (Brander et al. 2009; Cherubini et al. 2011) . When the effects of the use of forest-based bioenergy are compared to variable fossil fuels, the results also vary according to the carbon and energy content of the substituted material (Gustavsson et al. 2015) . Furthermore, definition of the spatial system boundaries is important due to differences in carbon dynamics of the stand and landscape level.
It is also crucial to understand the time-dependencies of the carbon fluxes through emissions release and carbon sequestration as well as the atmospheric residence times of carbon Gustavsson, 2011, 2012; Ter-Mikaelian et al. 2011; Mitchell et al. 2012; Helin et al. 2013; Kurtz et al. 2014; Gustavsson et al. 2015) . To integrate emissions over the time and consider the climate impacts of all the forest functions simultaneously, one option is to follow the annual carbon flows and carbon stocks both in the forest ecosystems and the consequent technosystem. Furthermore, a reference situation should consider alternative land use (e.g. baseline management) when comparing the implications of the use of different management scenarios over time (Helin et al. 2013; Lamers and Junginger 2013; TerMikaelian et al. 2015) . In LCA, the global warming potential (GWP) is commonly used in climate impact analysis to show the dynamics of GHG emissions in relation to CO2 equivalents within fixed time frames (Helin et al. 2013 ). However, a fixed time frame leads to loss of temporal dimensions, and thus does not provide the dynamics of the greenhouse impact (Foster et al. 2007; Kirkinen et al. 2008) . Temporally, the release of carbon into the atmosphere varies from almost immediate release (combustion of energy biomass) to, for instance, prolonged release over decades or centuries (panels, log houses). Recently, the potential climate impacts of forest-based bioenergy with respect to climate change mitigation has been studied widely by employing the metrics of radiative forcing (the balance of the Earth's radiation) (Kirkinen et al. 2008; Repo et al. 2011 Repo et al. , 2012 Repo et al. , 2014 Gustavsson 2011, 2012; Kilpeläinen et al. 2012; Cherubini et al. 2013) , which takes into account the time-dependences of GHG fluxes and the atmospheric residence times of GHGs.
Aim of the study
The main aim of this work was to study the potential of forest biomass production and utilization for mitigating climate change in boreal conditions by employing forest ecosystem model (SIMA) simulations and life cycle assessment (LCA) (Fig. 1 ). More specifically, in Papers I-IV it was studied:
(i) The effects of forest management on the economic profitability of forest biomass production and carbon neutrality of energy biomass utilization in Norway spruce (Picea abies L. Karst) stands under the changing climate (Paper I).
(ii) The need to adapt the cultivation of the main Finnish tree species of Norway spruce, Scots pine (Pinus sylvestris L.) and silver birch (Betula pendula Roth) under the projected climate change, considering also the uncertainties related to the climate change (Paper II).
(iii) The effects of forest management and climate change on the net climate impact of the production and utilization of energy biomass in Norway spruce forest with a stable ageclass distribution (Paper III).
(iv) The net climate impact of forest biomass production and its utilization as a substitute for fossil-intensive materials and fuels in managed boreal forests (Paper IV). 
MATERIALS AND METHODS
Outlines of the model approaches
A well-validated gap-type forest ecosystem model (SIMA) (Kellomäki et al. 1992 (Kellomäki et al. , 2005 was used to simulate the growth and development of boreal forests throughout Finland, as affected by the temperature conditions, availability of light, soil water and nitrogen, and CO2 concentration in the atmosphere. The risk of dying is determined by the competition between trees for resources reducing growth in a given year. Furthermore, trees may die randomly. Organic matter in litter and dead trees ends up in the soil, where its decay releases carbon dioxide and nitrogen. The dynamics of the available nitrogen are determined by the amount of nitrogen released and immobilized by the decomposition of soil organic matter. The management controls the dynamics of ecosystem, including regeneration (the planting of given species at a desired spacing), thinning from below, nitrogen fertilization and final felling. For the harvesting, both timber (saw logs and pulp wood) and energy biomass can be considered. Timber is sorted based on the following top diameter limits: 17 cm for saw logs and 6.5 cm for pulp wood. Energy biomass includes energy wood from energy wood thinning, and harvest residues (the top parts of stems with a diameter of less than 6.5 cm, foliage and branches) and stumps and coarse roots from final felling. The life cycle assessment tool utilizes the simulation outputs of SIMA model to estimate the annual net CO2 exchange (Cnet) (Papers I, III-IV) (Kilpeläinen et al. 2011) . The calculations of Cnet are done on an annual basis (g CO2 m -2 a -1 ) by summing the carbon uptake due to growth (Cseq) and CO2 emissions from decaying soil organic matter and management (Cdecomp, Cman), and the combustion of energy biomass (Charv).
Model based simulations
In Paper I, the effects of forest management and climate change on the economic profitability of forest biomass production (timber and energy biomass) and carbon neutrality of energy biomass utilization in Norway spruce were studied based on stand level analysis (Table 1) . Simulations were carried out in central Finland, Joensuu region (62°40' N, 29°38' E) using as a baseline the current business-as-usual forest management in Finland (Äijälä et al. 2010, 2014) . Management was also varied so that a higher stocking than that of the baseline management was maintained over the simulation period and nitrogen fertilization applied, respectively. The length of the simulation period varied from 30 to 80 years with 10-year intervals. In Paper II, the possible need to adapt the cultivation of the main Finnish boreal tree species was studied, also taking into account the uncertainties related to projected climate change. In this study, the annual growth of stem wood in young Norway spruce, Scots pine and silver birch stands were simulated for different site fertility types and temperature gradients throughout under the changing climate (for the period 2010-2099). The currently recommended planting densities for Norway spruce, Scots pine and silver birch were used to initialize the simulations (Table 1) . No management was applied over the 30-year simulation periods.
In Paper III, the effects of forest management and climate change on the net climate impacts of the production and utilization of energy biomass were studied in Norway spruce forest with a stable age-class distribution in central Finland, Joensuu region (Table 1) . Data used for the analysis consisted of 80 single Norway spruce stands (1 ha) with an 80-year simulation time to mimic a stable age-class distributed forest area, where clear cutting was done annually for the oldest stand and after clear cutting the stand was regenerated and managed following the same management regime. The current business-as-usual Finnish forest management was used as a baseline management regime (Äijälä et al. 2010, 2014) . Management was also varied so that a higher stocking than that of the baseline management was maintained over the simulation period and nitrogen fertilization applied, respectively.
In Paper IV, the net climate impacts of forest biomass production and its utilization were studied (Table 1) . In the simulations, as inputs it was used site fertility and sample tree data available for subsample plots in the 9th National Forest Inventory of upland mineral sites throughout Finland (covering ca. 17 million ha of forest land). The current Finnish forest management was used as a baseline management regime (Äijälä et al. 2010, 2014) . Management was also varied so that a higher/lower stocking was maintained over the simulation period compared to the baseline management. In the simulations, the current climate data were based on measurements of temperature and precipitation by the Finnish Meteorological Institute (FMI) during the reference period 1971-2000. The current climate data were interpolated onto a 10 km × 10 km grid based on mean monthly values (Venäläinen et al. 2005; Aalto et al. 2012 ). The changing climate was provided by the ACCLIM Project (Jylhä et al. 2009 ) and interpolated onto a 50 km × 50 km grid throughout Finland. The closest grid point to each forest inventory plot was used in the simulations under the current climate and climate change scenarios. The climate change projections were derived from nineteen global climate model simulations originating from the CMIP3 multimodel data set (Meehl et al. 2007 ). The projections depict the multimodel mean climate change during this century under the SRES B1, A1B and A2 emissions scenarios (Nakićenović et al. 2000) . The elevation of atmospheric CO2, mean annual temperature and precipitation changes observed for the SRES B1 (the CMIP3 climate projection) correspond to the RCP4.5 of the new CMIP5 database (Taylor et al. 2012 ).
Whereas, the SRES A2 shows a 1.3-1.5 °C smaller temperature increase in summer from southern to northern Finland compared to the RCP8.5.
Analysis of simulation outputs
The effects of forest management and climate change on the economic profitability of forest biomass production (timber and energy biomass) were calculated based on the net present value (NPV with a 3% interest rate) (Papers I, III and IV; see Table 2 ). In order to study the possible need to adapt the cultivation of the main Finnish tree species, the growth of stem wood in young stands was studied under the gradually changing climate for different site fertility types, temperature gradients and time spans (Paper II, see Table 2 ). Furthermore, the effects of management and climate change on the carbon stock in the forest ecosystem (including carbon in trees and soil -humus and litter) and the net ecosystem CO2 exchange (NEE) (Table 2) were analysed. The net ecosystem CO2 exchange was considered as a balance between carbon bound in biomass growth and CO2 emissions from the decomposition of soil organic matter (humus and litter). The carbon neutrality (CN) of energy biomass production in Norway spruce and its use in energy production was approached via the carbon neutrality concept by Schlamadinger et al. (1995) . This indicates the ratio between the net reduction/increase of direct CO2 emissions in the bioenergy system (i.e. the simulation case study) and the CO2 emissions from the substituted energy from the reference energy system over a given period of time. The specific CO2 emissions per unit of energy produced over the rotation were used to analyse the carbon neutrality of energy biomass use for certain management regimes (Paper I). 
II
In Papers III and IV, the net climate impact of forest biomass production and its utilization as a substitute for fossil intensive materials and fuels were calculated. Net climate impact (I) refers to the change in radiative forcing (RF, W m -2 ), quantifying the impact on the atmosphere caused by CO2 emissions resulting from the production and utilization of forest biomass (Eq. 1) (Ramaswamy et al. 2001) . In this context, the production system based on the use of forest biomass to produce materials and energy for the manufacturing and energy sectors is named as "biosystem". Similarly, the production system producing fossil-intensive materials (e.g. concrete and plastic) and energy by using fossil fuels (coal, oil) is named as "fossil system". In this regard, net climate impacts (I) were calculated by Eq. 1:
where IBIO refers to the climate impacts of the alternative management regime (Cnet) and IREF to the climate impacts of the baseline management regime without harvesting energy biomass, but with the use of fossil-intensive materials and fuels.
RESULTS
Forest biomass production and its economic profitability
Both at stand (Paper I) and regional (Paper III) level, by maintaining stocking 20 and 30% higher compared to the baseline management and by simultaneously applying nitrogen (N) fertilization, or by using N fertilization alone, the mean annual timber production of Norway spruce could be increased by up to 10%, regardless of rotation length, site fertility type and climatic conditions. However, the baseline management with and without nitrogen fertilization resulted in the highest net present value (NPV) for longer rotations (60 to 80 years) (Papers I, III). Based on national level analysis (Paper IV), the maintenance of lower stocking (−20%) led to a higher mean annual timber production in the short-term compared to the maintenance of higher stocking (+20%) with later thinnings. However, in comparison to the baseline management, the maintenance of lower stocking (−20%) led to a higher yield of pulp wood, but had only a minor effect on the yield of saw logs. Maintenance of 20-30 % higher stocking increased also the mean annual harvest of energy biomass compared to the baseline management and/or use of nitrogen fertilization (Papers I, III-IV). The mean annual energy biomass harvest was on average higher for shorter rotations (30 to 50 years) than for longer rotations (Paper I).
As a result of climate change (SRES A2), both at the stand and regional level the mean annual production of timber decreased in the managed Norway spruce stands in central Finland (Joensuu region) (Papers I and III). In Paper II, the simulations throughout Finland showed that the growth of young Norway spruce stands were clearly lower in southern and central Finland under moderate and strong climate change (A1B and A2) compared to the current climate. The growth reduction under the A1B and A2 was the largest on the less fertile sites, with the highest number of drought extremes and greatest mortality. Opposite to Norway spruce, the growth of young Scots pine and silver birch increased under the changing climate and the most under strong climate change (A2) (Paper II). The increase was also higher on fertile sites than on less fertile sites throughout Finland. In northern Finland, the growth of Norway spruce was clearly higher under the changing climate than under the current climate, similar to Scots pine and silver birch, and regardless of site fertility type, climate change scenario and time span.
Net climate impacts of forest biomass production and utilization
Both at stand (Paper I) and regional (Paper III) level, the highest carbon stock in the forest ecosystem was obtained by maintaining higher stocking (+20, +30 %) compared to the baseline management and by applying 60-to 80-year rotation lengths with or without N fertilization. These management regimes also gave the highest net ecosystem CO2 exchange (Papers III and IV) and net CO2 exchange (Paper I). The net ecosystem CO2 exchange was also improved by harvesting stumps and coarse roots in addition to logging residues. However, this led to a somewhat lower carbon stock in the forest ecosystem compared to the baseline management (Paper I and III). Maintenance of higher stocking and use of N fertilization also gave lower CO2 emissions per unit of energy compared to the baseline management (Paper I). Overall, at stand level the carbon neutrality was, on average, the highest with the baseline management or with the maintenance of 20% higher stocking and using 60-to 80-year rotation lengths with N fertilization, regardless of climatic conditions.
At the national level (Paper IV), when considering solely timber production, the radiative forcing (RF) had positive values (warming impact) when maintaining 20% lower stocking compared to the baseline management over a 90-year simulation period (up to 0.34 mW m -2 ). By contrast, the maintenance of 20% higher stocking in thinning gave negative values (cooling impact), down to −0.26 mW m -2 (Paper IV). At the regional level (Paper III), the substitution of coal by energy biomass resulted in negative values for RF over an 80-year simulation period, regardless of management regime and climate applied. The most negative RF (up to −3.6 nW m -2 ) was obtained if maintaining stocking 20% higher over an 80-year simulation period compared to the baseline management, and by either applying or not N fertilization and harvesting logging residues and stumps and coarse roots in final felling. However, at the national level (Paper IV), the maintenance of 20% lower stocking in energy biomass production and utilization gave mainly positive RF values of up to 0.34 mW m -2 . Increasing the intensity of the energy biomass harvest in the final felling led to a higher substitution impacts. At the regional level (Paper III), the highest NPVs were obtained by using the baseline management with N fertilization, harvesting logging residues, and stumps and coarse roots, regardless of climate applied. Under the SRES B1 and A2 scenarios, the NPV and production of energy biomass slightly increased in comparison to that under the current climate, although it did not lead to an improved cooling climate impact (Paper III).
At the national level (Paper IV), the combined substitution of fossil-intensive materials (concrete and plastic) and fuels (coal and oil) by forest-based materials and energy resulted in negative values of RF (mW m -2 ). In other words, it led to the cooling net climate impact over a 90-year simulation period. The maintenance of 20% higher stocking compared to the baseline management over a rotation and harvesting of energy biomass (from energy wood thinning and final felling, including harvest residues, stumps and coarse roots) led to the most negative values of RF. Whereas, the maintenance of 20% lower stocking and harvesting only logging residues from the final felling resulted in the smallest decrease in RF. These results show that the use of proper management and forest-based materials and energy to substitute fossil-based materials and energy would provide an effective option for mitigating climate change.
DISCUSSION AND CONLUSIONS
Evaluation of approaches
The main aim of this work was to study the potential of forest biomass production and utilization for mitigating climate change in boreal conditions by employing the forest ecosystem model (SIMA; Kellomäki et al. 2008 ) and life cycle assessment (LCA; Kilpeläinen et al. 2011 ). More specifically, in this work it was studied how forest management and climate change affect in boreal conditions from stand to regional level the forest biomass production (timber and energy biomass) and net climate impact of forest biomass production and utilization in substituting for fossil-intensive materials and fuels. Furthermore, the possible need to adapt the cultivation of the main Finnish tree species under the gradually changing climate was also studied.
Previous simulations with the SIMA model Routa et al. 2011a Routa et al. , 2011b have shown good agreement with the measured values of volume growth of the main tree species on the permanent sample plots of the National Forest Inventory (NFI) throughout Finland. Furthermore, parallel simulations with the empirical growth and yield model Motti (Hynynen et al. 2002 ) and the SIMA model have provided good agreement for the predicted volume growth both with and without nitrogen fertilization in Norway spruce (Kellomäki et al. 2005 Routa et al. 2013) . Mäkipää et al. (1998) have also earlier shown good agreement between the simulated and measured growth responses of Norway spruce to nitrogen fertilization.
The LCA tool used in this work made it possible to identify how the sink/source dynamics of the forest ecosystem as affected by management and related technosystem contribute to the mitigation potential of forest biomass production and utilization (Kilpeläinen et al. 2011 ). This tool has been previously used also by Alam et al. (2012 Alam et al. ( , 2013 , Kilpeläinen et al. (2012 Kilpeläinen et al. ( , 2013 and Routa et al. (2011a) . The attributional LCA approach was used in the stand level analysis (Paper I) of the carbon neutrality of energy biomass utilization of Norway spruce over one rotation. This approach is close to the carbon footprint calculation, as it assesses the carbon flows of the whole production and utilization chain of a certain temporal window and management regime (Curran et al. 2005; Kilpeläinen et al. 2013 ). The consequential LCA approach was used in regional (Paper III) and national (Paper IV) level analyses to consider the direct and indirect impacts in comparison between the biosystem and fossil system. Thus, it showed the climate change mitigation potential provided by the substitution of fossilintensive materials and fossil fuels by forest-based materials and energy.
Potential of forest biomass production and utilization in climate change mitigation
At the stand (Paper I) and regional (Paper III) level, it was observed that the use of longer rotations (60 to 80 years) and baseline management with and without nitrogen fertilization resulted in on average a higher mean annual timber production and NPV (with 3% interest rate). However, the mean annual timber production could be increased up to 10% by maintaining stocking 20% higher compared to the baseline management and by applying N fertilization with 60 to 80 years rotation lenghts. But this resulted in lower NPV compared to the baseline management because of delayed thinning and increased pulp wood yield on the cost of more valuable saw logs. Nitrogen fertilization one to two times over a rotation (done related to thinning) increased in relative sense more timber production than NPV (Paper I). In general, growth responses to nitrogen fertilization and effects on economic profitability are affected by the maturity stage of the stand, tree species, site fertility type and climatic conditions (Routa et al. 2011a; Bergh et al. 2014; Hedwall et al. 2014) . Also in this work results were varying according to the site fertility type, thinning and N fertilization regime. The response of timber production to nitrogen fertilization was in relative terms higher on the medium fertile site than on the fertile site, which findings are in line with the previous study of Kukkola and Saramäki (1983) and Bergh et al. (2014) , for example. Nitrogen fertilization done in mature forest one to three times during the rotation have usually been economically profitable, and resulted in a small and transient effect on the environment (e.g. Saarsalmi and Mälkönen, 2001; Hedwall et al. 2014; Äijälä et al. 2014) .
The mean annual energy biomass production could also be increased up to 22% if stocking is maintained 20 to 30% higher compared to the baseline management and applying N fertilization, regardless of rotation length and site fertility type (Papers I, III, IV). A similar kind of result was observed with the N fertilization alone compared to the baseline management. The mean annual energy biomass production was, on average, higher for shorter (30 to 50 years) than for longer (60 to 80 years) rotations.
In this work, gradual climate warming resulted in lower mean annual timber production and NPV in Norway spruce compared to the current climate (Papers I, III). This result is due to the increased mortality of Norway spruce as a result of increase in mean annual temperature and occurrence of droughts. This was observed especially when applying longer rotation lengths (80 years). Previously, Kellomäki et al. (2008) also suggested that the growth of Norway spruce with shallow rooting will suffer the most from the effects of drought in southern Finland under the changing climate, and especially on sandy soils with relatively low soil water holding capacity. The growth of young Norway spruce, Scots pine and silver birch was also dependent on the projected climate change. The impact of climate change on growth was even contradictory between the different tree species and temperature gradients. The growth of young Norway spruce stands was clearly lower in southern and central Finland under the moderate and strong climate change (SRES A1B and A2) compared to the current climate (and SRES B1 scenario). This was observed especially when the climate change proceeded . The climate change effects were largest on the less fertile sites with a lower water holding capacity and with a higher occurrence of drought and mortality. However, in northern Finland, the growth of stem wood in Norway spruce was clearly higher than that under the current climate, regardless of site fertility type, climate change scenario and time span considered. The growth of stem wood in Scots pine and silver birch were under the gradually changing climate clearly higher on the fertile sites than under the current climate throughout Finland, regardless of the climate change scenario and time span considered (Paper II).
Carbon neutrality was defined in this work as the ratio of net reduction of carbon emissions when substituting fossil fuels (see e.g. Schlamadinger et al. 1995) . At the stand level (Paper I), the carbon neutrality of energy biomass utilization in Norway spruce was affected by the net ecosystem CO2 exchange and CO2 emissions released in energy biomass combustion. The most of management regimes resulted in positive values for carbon neutrality, indicating on average lower CO2 emissions per unit of energy produced than that caused by the use of coal instead (Paper I). The use of longer rotations (60 to 80 years), maintenance of higher stocking (20 and 30%) than the baseline management and use of nitrogen fertilization resulted in on average higher carbon neutrality, regardless of the climatic conditions. At the regional (Paper III) and national (Paper IV) level, the climate benefits from the utilization of energy biomass were the highest if 20% higher stocking was maintained compared to the baseline management, N fertilization was applied, and the stumps and coarse roots were also harvested for energy in addition to the logging residues from the clear cut area (Papers III and IV) . This was mainly due to the increase of carbon sequestration in the forest ecosystem, but it was also due to the avoidance of CO2 emissions from the decomposition of logging residues and stumps on the site and the non-use of fossil energy. At short-term (10 to 20 years), the net CO2 emissions of the use of energy biomass (biosystem) were slightly higher in comparison with the fossil system, and thus without the gain of climate benefits (Paper III). However, in long term, it resulted in a cooling climate impact compared to the fossil system (by replacing coal), as was also found by Gustavsson (2011, 2012) . In the long term, the net flow of CO2 may be larger when fossil fuels are used due to emissions from both fossil fuel combustion and the decomposition of biomass fractions (Melin et al. 2010; Poudel et al. 2011) .
In general, at the national level (Paper IV), forest biomass production and utilization for substituting fossil-intensive materials and fossil fuels showed positive climate benefits, as also emphasized previously by Sathre and Gustavsson (2012) and Haus et al. (2014) . The highest mean reduction in radiative forcing was obtained by a management in which higher stocking was maintained through rotation compared to the baseline management, and by harvesting energy wood from energy wood thinning, and logging residues and stumps and coarse roots from final cut, over 90 years simulation period (Paper IV). In the both production systems, same amount of material (tonnes of mass) and energy (J) was produced to equalize the systems from the production point of view.
In Finland, up to 19 million tons of carbon dioxide emissions may potentially be avoided annually if higher stocking is maintained compared to the baseline management over a rotation, and by harvesting both timber, harvest residues and stumps and coarse roots (Paper IV). As a comparison, in a study of Lundmark et al. (2014) , the additional mitigation potential could be more than 40 million tonnes of CO2 eqv year -1 for Sweden's forests, if growth and sustainable harvest of biomass could be increased about 50 % compared to a baseline scenario. As a comparison, the emissions from road traffic were in Finland in 2012 about 11 million tonnes of CO2 eqv and total emissions (excluding the LULUCF sector) 61 tonnes of CO2 eqv (Statistics Finland 2014) . Thus, the LULUCF sector has a crucial role in acting as a sink (26 million tonnes of CO2 eqv in 2012), which is fluctuating mainly according the domestic commercial roundwood fellings and the annual volume increment (Statistics Finland 2014) .
Forest management largely affects the yield of timber and energy biomass, but also the timing when wood products and energy biomass enter the technosystem to substitute for fossil-intensive materials and energy. For example, Eriksson et al. (2007) , Sathre et al. (2010) and Routa et al. (2011b) have recommended the use of nitrogen fertilization to increase carbon sequestration of forests, and forest biomass production and utilization for materials and energy to reduce the net GHG emissions. Maintenance of higher stocking over the rotation will also increase the carbon sequestration and carbon stocks of forests compared to the baseline management, resulting in reduced radiative forcing. In turn, the maintenance of lower stocking could result in the earlier realization of substitution benefits due to earlier and increased harvesting of biomass in the first decades of the period considered (Paper IV). However, the increased decomposition of logging residues after the earlier thinnings and decrease of carbon sequestration due to a decrease in growing stock may not always compensate for the emissions over the whole time span either (Paper IV). In Finland, young and middle-aged thinning stands are currently dominant, which will affect carbon sequestration and stocks, and harvest potential in different time spans (Garcia-Gonzalo et al. 2007a; Finnish Statistical Yearbook of Forestry 2013) . There are also trade-offs between short-term carbon sequestration benefits and long-term substitution benefits. Determining the optimal strategies for forest management and biomass utilization affect the net climate impacts of these actions (McKechnie et al. 2014 , Sathre et al. 2013 . In this work, it was estimated the maximum potential for forest biomass production considering only Finnish upland sites.
This work also showed that there are trade-offs between the NPV and carbon neutrality. In general, the higher carbon sequestration and carbon stocks of the forests provide higher carbon neutrality, but not higher NPV, and vice versa. This was also observed for the radiative forcing of energy biomass use in coal substitution (Paper III). However, some management regimes can be identified which on average provide simultaneously higher carbon neutrality, RF and NPV, such as the baseline management with and without N fertilization. As a comparison, the use of longer rotations (60 to 80 years) and maintenance of higher stocking than the baseline management with and without N fertilization resulted in higher carbon neutrality and RF, but somewhat lower NPV than the baseline management (Paper I, III, IV).
Both carbon neutrality and NPV clearly decreased if 80-year rotation length was used under the changing climate (Paper I). Thus, it would be more reasonable to have a shorter rotation length under the changing climate (especially under strong climate warming) than under the current climate (Paper I, III). For example in this work, the use of 50-70-year rotation lengths resulted in higher NPV on average, regardless of the climate applied, but somewhat lower carbon neutrality (Paper I). From the adaptive forest management point of view, to some degree, shorter rotation lengths than currently applied in Norway spruce might be needed in future, especially in southern and central Finland, to properly adapt to the foreseen climate change and decrease the risk of the mortality of trees (e.g. due to drought effects).
Conclusions
In this work, the potential of forest biomass production and utilization for mitigating climate change was studied in Finnish boreal conditions. This work showed that by modifying the business-as-usual (baseline) forest management (e.g. thinning, nitrogen fertilization and rotation length) and increasing the harvesting intensity (timber, energy biomass) it is possible to increase both forest biomass production, carbon sequestration and stocks of forests, and climate benefits of forest biomass production and utilization. The climate benefits could be increased especially by maintaining higher stocking over a rotation compared to the baseline management and using nitrogen fertilization, and by harvesting in addition to timber, also logging residues, stumps and coarse roots for energy in the final felling. However, some trade-offs exist between the economic profitability of forest biomass production and climate impacts of forest biomass production and utilization. The impacts over time are affected in addition to by forest management, biomass production and utilization also by the prevailing environmental conditions (climate, site) and forest structure (age and tree species). Gradual adaptation of forest management and utilization is needed in the future, taking into account the prevailing environmental conditions (climate, site) and uncertainties related to the climate change, to fully utilize the positive effects of climate change and reduce the negative ones. In this work, it was estimated the maximum potential of forest biomass production and utilization for mitigating climate change without considering the actual wood demand in model based analyses, which should be considered in the future research work.
